Campylobacter is the leading cause of bacterium-associated diarrhea in the United States and most developed countries. While this disease is considered a food-borne disease, many clinical cases cannot be linked to a food source. In rural and agrarian areas environmental transmission may be an important factor contributing to case loads. Here we investigated the waterborne prevalence of campylobacters in a mixed-use rural watershed in the coastal plain of southern Georgia (United States). Six sites representing various degrees of agricultural and human influence were surveyed biweekly to monthly for 1 year for the presence of culturable thermophilic campylobacters and other measures of water quality. Campylobacters were frequently present in agricultureand sewage-impacted stretches of streams. The mean campylobacter counts and overall prevalence were highest downstream from a wastewater treatment plant that handled both human and poultry slaughterhouse waste (<595 CFU ml ؊1 ; 100% positive); the concentrations were significantly higher than those for the four upstream sites (P < 0.05). The counts were significantly correlated with the number of fecal coliform bacteria, conductivity, pH, and concentrations of nutrients (NO 3 ؊ , PO 4 3؊ , and NH 3 ). Campylobacters were isolated more frequently and larger numbers were present during the summer months, similar to the occurrence of clinical cases of campylobacteriosis in this region. A multivariate model showed that the levels were significantly influenced by increasing precipitation, which also peaked in the summer. The results indicate that loading from both human and domestic animal waste may be high in the watershed studied during the summer months. Mixed-use watersheds supporting agriculture production, human populations, and wildlife may be at risk for contamination by campylobacters and may be an important route for human exposure.
The family Campylobacteraceae includes the genera Campylobacter and Arcobacter (50) . The campylobacter group (campylobacters and campylobacter-like organisms) more commonly includes a number of taxonomically related genera, including Campylobacter, Arcobacter, Helicobacter, and Sutterella (10) . Campylobacters have been characterized as gram-negative, nonspore-forming, motile, microaerobic, and 'S' or spiral-shaped organisms (50) . Campylobacters, particularly Campylobacter jejuni and Campylobacter coli, are the etiological agents of campylobacteriosis, which is recognized as one of the most frequent causes of acute diarrheal disease throughout the world (47, 51) . As much as 1% of the population is thought to be infected with Campylobacter spp. every year in Europe and the United States (53) .
Most campylobacteriosis cases in the United States and throughout the world occur in the summer, and there are declines in the fall and winter (5, 43, 48) . Handling and consumption of poultry or poultry-related products are considered to be a primary source of Campylobacter infection (14) . It has been suggested that changes in food handling and consumption in the summer months (i.e., outdoor barbecuing) may lead to this predictable seasonality (43) ; however, this assessment does not always hold (26, 33) and does not explain the fact that the same pattern occurs in different nations and cultures (16, 33, 36, 47) . Furthermore, the pathways involved in campylobacter contamination of poultry flocks also remain unclear. Given that the majority of human infections are sporadic, sources other than food (poultry) may be important in disease transmission, especially in areas where the food-borne disease burden has declined. Other reported sources of infection include contaminated water and raw milk (22, 32) ; however, in most cases the exact source of disease is not determined (43) . Environmental loading and transmission may be factors associated with nonoutbreak cases, particularly those related to contamination of ambient waters (4, 28, 41, 42) .
Although they require a host for growth, campylobacters are common in natural waters, such as streams, rivers, and lakes, due to discharges from wastewater treatment plants, runoff from agricultural lands, and direct contamination by feces of wild birds and animals (8, 13, 22, 32) . Once Campylobacter spp. are introduced into the environment, the survival or persistence of these organisms depends on many factors, such as oxygen content, the presence of nutrients, temperature, and pH (6) . Recent research also has indicated that campylobacters may survive within vacuoles of protozoans in environmental waters (2, 44) . Additionally, Campylobacter spp. may enter a viable but nonculturable state (where organisms are not able to grow in culture but remain metabolically active), which was first described by Rollins and Colwell (38) . The viable but nonculturable state has been considered to play a role in prolonging Campylobacter spp. survival in the environment (8, 32) . The common agricultural practice of spreading livestock manure on land is an obvious and well-described vector for the contamination of crops and water resources at the farm level if the wastes contain pathogenic microorganisms (17) . The most common use of poultry litter (manure mixed with bedding material) is application to cropland as fertilizer on fields close to poultry houses. Campylobacter spp. have been isolated from the feces of bovine animals (19, 20, 24, 45) and poultry (18, 25, 29) ; seasonal shedding has been reported for both cattle (45) and poultry (49) .
Mixed-use watersheds supporting agriculture production, human populations, and wildlife may be at risk for contamination by campylobacters. Determining environmental factors that contribute to both loading and persistence of campylobacters is important for controlling potential waterborne transmission. Here we describe the distribution of thermotolerant campylobacters in an agrarian watershed in southeast Georgia (United States) with a consistently high rate of campylobacter cases (17.0 cases per 100,000 people in Coffee County, compared with a state-wide average of 6.8 cases per 100,000 people in 2003 [35] ) and a multivariable environmental model that begins to describe the seasonality of campylobacters in this area.
MATERIALS AND METHODS
Field study. (i) Sampling area. Samples were collected in the Satilla River basin, which drains 10,204 km 2 in southeast Georgia (United States). This area is flanked by the Altamaha River basin to the north and the Suwannee River and St. Mary's River basins to the south. Field sampling was focused in the Seventeen Mile River (four of six stations), which is located in the headwaters of the Satilla River basin near Douglas, Broxton, and Ambrose, GA (Coffee County) (Fig. 1) ; the area of the watershed is approximately 764 km 2 . An upstream site was located near the headwaters of the Satilla River (site 5). A control station (site 6) was located in the Lower Ocmulgee watershed in the Broxton Rocks Preserve. Stations 1 to 4 (along the Seventeen Mile River) were designated downstream (site 1) to upstream (site 4) (Fig. 1) . Site 2, on a tributary of Seventeen Mile River, was immediately downstream from the municipal wastewater treatment plant (WWTP) for the city of Douglas, which handles both human and poultry slaughterhouse waste. Approximately 50% of the influent that the WWTP receives comes from poultry-processing facilities in Douglas. The other three stations along the Seventeen Mile River were primarily influenced by agriculture (Table 1) . Site 5 was located on the Satilla River ( Fig. 1) and was not only the most upstream of all the stations sampled but also had the highest percentage of agricultural land use (Table 1) Nutrient analyses. Water samples were filtered through Whatman 934 AH filters to determine the amount of suspended sediment using standard methods (7). The filtrate was analyzed to determine nitrate-N and ammonium-N concentrations using Environmental Protection Agency-approved colorimetric techniques (7) with a Lachat flow injection analyzer. Samples were analyzed to determine potassium contents using standard methods with a Perkin-Elmer atomic absorption spectrophotometer (7).
Microbiological analyses. Samples were processed for microbial analysis within 4 h after the first sample was taken. Water samples were screened for fecal coliform bacteria by membrane filtration and growth on mFC agar using standard methods (12) . Plates were incubated for 24 Ϯ 2 h in a 44.5°C water bath. All blue colonies were considered fecal coliform bacteria and enumerated, and the results were expressed as CFU per 100 ml.
Thermotolerant campylobacters were detected and enumerated using a modified direct-plating method, without preenrichment. Rosef et al. (39) previously reported that preenrichment did not significantly increase the percentage of campylobacters detected in environmental samples. Furthermore, Atabay and Corry (1) suggested that this step may selectively enrich Arcobacter spp. over Campylobacter spp. Briefly, duplicate 100-l aliquots of water from each sample were directly spread onto modified charcoal cefoperazone deoxycholate agar (Oxoid, Lenexa, KS). Petri dishes were then placed in nonvented BBL (Cockeysville, MD) GasPak jar systems, and microaerobic conditions were created and maintained using BBL (Sparks, MD) CampyPak Plus microaerophilic system envelopes with a palladium catalyst (H 2 plus CO 2 ). Plates were incubated for 48 Ϯ 1 h at 42°C, and gray, mucoid colonies were counted as presumptive campylobacters. The identities of colonies were confirmed by observation of gram-negative spiral bacteria, darting motility, a positive oxidase reaction, a positive catalase reaction, and growth only in a microaerobic atmosphere (34, 40) . The detection techniques used here confirmed the presence of campylobacters and campylobacter-like organisms (including Campylobacter and Acrobacter spp. [9] ), without regard to species (34) .
Other data. Basin-wide rainfall was estimated using data from a National Climatic Data Center weather station in Douglas, GA (COOPS 092783) (Fig. 1) . In order to examine the potential impact of precipitation on other study variables, several measures of precipitation were compiled for analyses, including daily rainfall, rainfall on the day before sample collection, total rainfall in the 7 days before sample collection, total rainfall in the 10 days before sample collection, total and average daily rainfall in the 30 days before sample collection, and maximum daily rainfall values for the 7-, 10-, and 30-day periods before sample collection.
Monthly data reports on flow and treatment standards were obtained from the WWTP upstream of site 2. The treatment plant's capacity is 6.00 ϫ 10 6 gallons per day, and during times of increased rainfall the influent flow may exceed this (D. Wilcox, Douglas Wastewater Department, personal communication).
Statistical analyses. Microbiological data were not normally distributed, even following log transformation; therefore, nontransformed counts were used in nonparametric statistical tests. For seasonal analyses, seasons were defined as follows: summer, June to August; fall, September to November; winter, December to February; and spring, March to May. Kruskal-Wallis tests were used to examine differences in both water quality (e.g., fecal coliform density, pH,
NO 3
Ϫ -N content, etc.) and campylobacter density between study sites and seasons. Spearman's rank correlations were used to examine potential associations among water quality variables and between water quality variables and campylobacter densities. All associations were considered significant at a P value of Յ0.05.
A generalized estimating equation model (PROC GENMOD, SAS 9.1) was used to construct a multivariable predictive model for waterborne campylobacters to accommodate the distribution structure of count data (CFU ml Ϫ1 ) likely to exhibit multiple levels of correlation (i.e., correlations in observed campylobacter densities were expected for samples collected in the same month and for samples collected at the same study site) (3) . Initially, all variables significantly associated with campylobacter concentrations at a P value of Յ0.10 were entered into a saturated model using a Poisson distribution. Counts were recorded as zero when values were below the detection limit. When all variables were entered into the model, overdispersion of the model was assessed. Variables were eliminated from the model in a backward stepwise manner to obtain the most predictive model. Variables were retained in the model if Wald P values were Ͻ0.05 or if removal of a variable resulted in a significant likelihood ratio test.
RESULTS
Differences in water quality among study sites. Fourteen samples were collected from each of the six sites; however, campylobacter plate counts were determined for only 12 samples from sites 1, 3, 4, and 6 and for 13 samples from sites 2 and 5 due to the presence of swarming colonies that prohibited accurate reading of the plates. Although campylobacters were detected at all sites sampled, the mean concentrations were lowest at the control site (site 6; 2 CFU ml Ϫ1 ) and highest downstream from the municipal WWTP (site 2; 158 CFU ml Ϫ1 ) ( Table 2 ). The highest concentration of campylobacters detected at any sampling time was also at site 2 (595 CFU ml Ϫ1 in August 2003). All 13 of the samples from this site were positive as determined by culture analysis, whereas only 17% (2/12) of the samples from the control site were positive. While the campylobacter levels at site 2 were significantly higher than the levels at all of the upstream sites (sites 3 to 6; P Ͻ 0.05), they did not differ significantly from the levels at site 1, immediately downstream ( Table 2) . Upstream of the WWTP (sites 3, 4, 5, and 6) the percentage of positive samples corresponded with the percentage of land used for agriculture (i.e., the higher percentage of agricultural land, the higher the percentage of samples positive for campylobacters) ( were also significantly higher than the values at all other sites (P Ͻ 0.05) ( Table 3 ). In contrast, the potassium concentration (0.3 mg liter Ϫ1 ) and ORP (131 mV) were significantly lower at this station (P Ͻ 0.05). The average pH at site 6 (control) (pH 6.5) was significantly lower than the pH values all other sites, and the ORP (227 mV) was highest at this station.
The fecal coliform concentration did not differ significantly by site; however, higher concentrations were detected most frequently at site 2, immediately downstream from the WWTP (mean, 698 CFU 100 ml Ϫ1 ) ( Table 3 ). The concentrations were lowest at the control site, site 6 (mean, 55 CFU 100 ml Ϫ1 ). Basin-wide campylobacter concentrations were significantly correlated with the fecal coliform levels, conductivity, chlorophyll a concentration, nutrient levels (NO 3 Ϫ -N, Cl, PO 4 3Ϫ , and K), and dissolved inorganic carbon concentration (P Ͻ 0.05) ( Table 4 ). However, since many of these water quality parameters were also significantly associated with site 2, we also calculated correlations excluding this site as a possible confounding variable. When site 2 was excluded from the analysis, campylobacters were significantly correlated only with fecal coliform bacteria (r ϭ 0.37, P ϭ 0.003).
Seasonal and climatic influences on water quality. The water temperature ranged from 4.8°C in January to 27.9°C in July. As expected, the average water temperatures were significantly different in different seasons (P Ͻ 0.0001). In the summer the average water temperature was 24.5°C, compared to 16.7°C for the fall, 7.9°C for the winter, and 17.9°C for the spring. The dissolved oxygen levels also varied seasonally (P Ͻ 0.0001) and correlated inversely with the water temperature (r ϭ Ϫ0.66, P Ͻ 0.001). Nitrate levels, chlorophyll a levels, pH, and turbidity also showed significant seasonal variation (P Ͻ 0.05). The dissolved oxygen content and pH were highest during the winter (11.06 mg liter Ϫ1 and pH 7.40, respectively). The nitrate concentration peaked in the fall (0.9 g liter Ϫ1 ), and the chlorophyll a concentration was highest in the spring (35.4 g liter Ϫ1 ). The turbidity was highest during the summer (4.4 nephlometric turbidity units).
The highest concentrations of campylobacters were observed at all sites between July and August 2003 (Fig. 2) . The mean levels were significantly lower during the spring (13 CFU ml Ϫ1 ) and highest during the summer (99 CFU ml Ϫ1 ) (P ϭ 0.003) (Fig. 3) . At the control site (site 6) campylobacters were detected only in the summer months. Consequently, campylobacter counts were positively correlated with temperature (r ϭ 0.45, P Ͻ 0.0001). Additionally, the observed campylobacter concentrations showed a significant association with three closely related rainfall variables: average rainfall during the 30 days before sample collection (r ϭ 0.36, P ϭ 0.0015), the maximum daily rainfall in the 30 days before sample collection (r ϭ 0.36, P ϭ 0.0017), and the total rainfall in the 30 days before sample collection (r ϭ 0.36, P ϭ 0.0015) (Fig. 3) . While fecal coliform concentrations did not vary significantly by season, the highest concentrations were also detected in the summer (mean, 459 CFU 100 ml Ϫ1 ). The mean fecal coliform concentrations were 162 CFU 100 ml Ϫ1 in the fall, 138 CFU 100 ml Ϫ1 in the winter, and 121 CFU 100 ml Ϫ1 in the spring. Influence of wastewater treatment and discharge on campylobacter levels. Over the period of study, the mean influent flow at the wastewater treatment plant was 5.12 ϫ 10 6 Ϯ 1.4 ϫ 10 6 gallons per day. The campylobacter levels specifically at site 2 were not significantly correlated with WWTP flow on the day of sampling or with any climate or water quality variable; nonetheless, the influent flow at the treatment plant was greatest during the summer, when the mean flow was 6.43 ϫ 10 6 gallons per day. When the highest concentration of campylobacters was observed (5 August 2003; 595 CFU ml Ϫ1 ), the influent flow was also at its peak (8.52 ϫ 10 6 gallons per day) (Fig. 4) .
Multivariable model of campylobacters. Overdispersion of the data was evident when all variables were fitted in the Poisson model. Consequently, the model was refitted using a negative binomial distribution. The independent variables entered into the full model included the random effects of temperature, total rainfall in the month (30 days) before sample collection, and fecal coliform counts and the fixed effects of season and site. Dummy variables for each season were also examined, using winter as the referent category. Models controlled for sampling variability within a sampling round. Significant interactions between temperature and season and between rainfall and season were observed in reduced models; however, the best-fit, most predictive model included the seasons summer and spring, total rainfall in the previous month (30 days), site, and interactions between total rainfall and two of the seasons, summer and spring (Table 5 ). The significant predictors of measured campylobacter concentrations in water retained in the final multivariate model included total precipitation in the month (30 days) prior to sample collection, the site of sample collection, and season (Table 5 ). Compared to the background site (site 6), significantly higher campylobacter counts were obtained for all sampling sites when climatic and sampling effects were controlled in the model. Downstream of the WWTP, the concentration of campylobacter was highest (ϳ5.5 times the concentrations observed at the control site) in the multi- Compared to the winter and fall, the observed campylobacter concentrations were nearly four times higher in the summer months (␤ ϭ 3.83; 95% confidence interval, 2.60 to 5.06), and the counts increased further slightly with each additional inch of rainfall during the previous 30 days. For the spring months the model suggested that the campylobacter counts were also approximately threefold higher than the counts for the referent fall and winter months (␤ ϭ 2.91; 95% confidence interval, 1.95 to 3.88), but reduced total rainfall in the spring resulted in lower observed campylobacter counts; this was adequately accounted for when interaction terms, including season and rainfall, were included in the multivariate model (Table 5 and Fig. 5 ).
DISCUSSION
Our objectives in this study were to determine the prevalence of campylobacters in a mixed-use watershed and to relate the prevalence to season and other environmental parameters. Coffee County, GA, which includes the Seventeen Mile River, and other adjacent counties in south Georgia have some of the highest case rates of campylobacteriosis in the state (e.g., 17.0 to 40.6 cases per 100,000 people, compared with a state-wide average of 6.8 cases per 100,000 people in 2003) (35) , yet there is little information on probable exposure routes in this largely agrarian area.
We used traditional culture-based detection methods to identify campylobacters directly from environmental waters (39) . The bacteria were detected at all sites during this study, and their identities were confirmed by simple biochemical tests (catalase and oxidase tests), growth in a microaerobic environment, and a motility test (34, 40) . Testing of waters for fecal indicator bacteria is commonly used as a proxy for the presence of enteric pathogens; however, many studies have demonstrated that indicators are poorly correlated with many pathogens, including Campylobacter spp. (42, 51) . In the present study, campylobacters were significantly correlated with fecal coliform bacteria using Spearman rank correlations (r ϭ 0.36, P Ͻ 0.05) (Table 4) ; however, when other predictive variables, such as sampling site, rainfall, and summer season, were included in the multivariate model, fecal coliform bacteria counts were not associated with campylobacter counts. This suggests that fecal coliforms might be influenced by the same environmental variables as campylobacters and may be a useful tool in predicting the presence of Campylobacter in environmental waters. In the watershed studied, the highest concentrations of campylobacters were found immediately downstream of a municipal wastewater treatment plant. The influent received by this WWTP is split evenly between human waste and poultryprocessing waste; approximately 33% of the poultry waste originates from slaughterhouses (Wilcox, personal communication). Sewage and sewage sludge have been shown to contain campylobacters at concentrations of 10 2 to 10 5 and 10 1 to 10 3 CFU 100 ml Ϫ1 , respectively (15, 46) . Furthermore, studies have shown that Campylobacter spp. can survive typical wastewater treatment and can persist in sewage effluent (4, 46) . Both Campylobacter and Arcobacter have been detected in contaminated river water and wastewater samples by culture and molecular direct detection methods (29) . Although the numbers detected in the present study are higher than the numbers reported in other surveys, the large loads from anthropogenic and agricultural inputs into the WWTP from poultry processing are probably factors driving these high numbers. The treatment plant's capacity is 6.00 ϫ 10 6 gallons per day, but this is sometimes exceeded during large rainfall events (Wilcox, personal communication).
In this study campylobacters were isolated more frequently and larger numbers were present during the summer months, which is consistent with the trends for clinical cases of campylobacteriosis (48) but did not correspond with the low survival rates reported for summer temperatures in vitro (23) . In this region of Georgia, the maximum number of clinical cases of campylobacteriosis also occurs in the summer (35) , when precipitation tends to be high. These results differ from the results of other environmental studies, in which detection of campylobacter peaked in late autumn and winter months (4, 22) . Given the low survival rate of Campylobacter at warm temperatures in vitro (23), we hypothesized that in this watershed the environmental loading observed in the summer months is mediated by rainfall and runoff and the input is sufficiently high to offset the decrease in survival due to the high seasonal temperatures. Indeed, carriage rates for animals are known to increase in the summer months (30) , and our findings are similar to the seasonal pattern of campylobacter carriage found in chickens and sewage sludge (21, 36, 52 ). An additional source of contamination may be land-applied poultry litter (18, 27, 31) , which is widespread in the agricultural portions of the watershed (Bannister, personal communication). Therefore, increased rainfall may lead to higher levels of runoff carrying animal manure and poultry litter into the receiving streams. Studies have shown that nutrients and coliform bacteria can be leached from surface-applied poultry litter by heavy rainfall and transported from the field in surface runoff (11, 37) . Finally, given that there are similar summer peaks in clinical cases and that in-stream counts were greatest downstream of a WWTP (26, 33) , human sewage may also contribute to the high numbers of campylobacters found in this study.
Conclusion. Campylobacters were frequently present in surface waters receiving effluent from a WWTP and in areas receiving agricultural runoff. In the present study, the highest concentration of campylobacters, 595 CFU ml Ϫ1 , was detected directly downstream from a wastewater treatment plant that processes both human and poultry slaughterhouse waste. While wastewater drives a significant portion of the campylobacter loading in the watershed, effects in the larger watershed and in upstream watersheds are more likely related to rainfall and runoff. The highest culturable counts of campylobacters were detected during the summer, consistent with increases in precipitation and also paralleling typical clinical patterns in the high-case-rate county studied. This work should contribute to hierarchical models that relate human cases of campylobacter infection to environmental drivers and watershed contamination. 
